H
YBRID photovoltaic devices based on inorganic semiconductors and organic conducting polymers are currently of great interest as an approach to next-generation photovoltaics because of their low cost and high efficiency potential [1] . Organic/silicon hybrid solar cells are attractive due to their simplified fabrication based on low-temperature solution-based processes such as spin coating [2] , allowing the deposition of different materials with no requirements of lattice matching.
The fabrication of conventional crystalline silicon (c-Si) solar cells requires very high process temperatures (>800°C) in order to diffuse dopants into the silicon bulk and form the p-n junction [3] . To reduce the thermal budget, heterojunction with intrinsic thin layer solar cells use layers of doped hydrogenated amorphous silicon (a-Si:H) deposited at temperatures below 200°C by plasma-enhanced chemical vapor deposition (PECVD). Recently, record conversion efficiencies of more than 25% have been achieved with ultrathin (<5 nm) layers of intrinsic a-Si:H to maximize interface passivation [4] . However, PECVD processes are very costly and need high vacuum (>10 −6 ) conditions, while additional safety measures are needed due to the toxic dopant gases required. As an alternative to these difficulties, different transition metal oxides [5] , [6] and conducting polymers such as poly (3,4-ethylenedioxythiophene) :poly(styrenesulfonate) (PE-DOT:PSS) [7] and Poly(3-hexylthiophene-2,5-diyl) (P3HT) [8] have been used as alternative hole selective contacts in n-type silicon (n-Si)-based solar cells. The conducting polymers can be easily deposited by solution-based processes at low (<100°C) temperatures and ambient pressures, reducing significantly the processing cost.
Spin-coated thin films of PEDOT:PSS have been recently investigated as hole selective layers in hybrid solar cells due to its high transparency and high conductivity. Various approaches have been made to enhance the performance of such devices, such as silicon surface passivation [9] , surface morphology modification [10] , and improvement of PEDOT:PSS conductivity [11] . Nonionic surfactants and nonionic fluorosurfactants have been used to improve the wettability of PE-DOT:PSS upon highly hydrophobic silicon, while cosolvents ethylene glycol (EG) [12] , dimethyl sulfoxide (DMSO) [13] , and methanol [14] have been reported as efficient additive agents for improving the conductivity of the coated PEDOT:PSS layer.
Record power conversion efficiencies (PCE) for hybrid PEDOT:PSS/n-type Si solar cells have been reported for c-Si (polished substrate) by Nagamatsu et al. [15] 2 ), the latter by optimizing the EG cosolvent concentration and with different commercial surfactants. Syu et al. [16] reported a PCE of 8.4% (7.4 mm 2 active cell area) for Si nanowires chemically etched from a c-Si substrate, while Chen et al. [17] obtained 9.8% for randomly texturized c-Si. In this paper, we compare two different PEDOT:PSS solutions, i.e., HTL Solar and PH1000, to be used as hole selective contacts in randomly texturized c-Si solar cells. Differences in their chemical composition and physical properties (wettability, conductivity) will be related to the passivation of the silicon surface and ultimately to solar cell performance, achieving a maximum PCE of 11.6% for a 100 mm 2 cell area. Fig. 1(a) shows the schematic diagram of the fabricated PEDOT:PSS/c-Si hybrid solar cells. Float-zone n-Si with 1 0 0 orientation, 2-3 Ω·cm resistivity, and 280 μm thickness was used as a substrate. After random texturization by alkaline etching (front face only), the wafer was cleaned by the standard RCA procedure to remove the organic and ionic/heavy metal contaminants. A passivating/backreflector stack was deposited on the rear face of the cell by PECVD (Elettrorava, Italy), consisting of intrinsic a-Si:H (4 nm), n + doped a-Si:H (15 nm), and hydrogenated amorphous silicon carbide a-SiC:H (70 nm). This stack was then fired by an infrared nanosecond laser to locally diffuse the n-dopant into the wafer [18] . The back contact was completed by e-beam evaporation of a Ti (15 nm)/Al (1 μm) rear electrode. During the laser firing and backmetallization steps, the front face was exposed to ambient air for 30 min, allowing an ultrathin layer of native SiO 2 to be grown on the samples [12] . Preconditioning of the PEDOT:PSS HTL Solar and PH1000 solutions (Heraeus Clevios, USA) included the addition of 5% DMSO (Sigma Aldrich, England) to improve the conductivity and 0.1% Capstone FS-31 fluorosurfactant (Dupont, USA) to improve the wettability of the highly hydrophobic silicon surface during spin coating. After cutting the wafer into smaller 1 × 1 cm 2 samples, the PEDOT:PSS solutions were deposited on the texturized surface by spin coating with a spinning rate of 1000 r/min for 60 s. After that, the samples were thermally annealed on a hot plate at 130°C for 30 min in N 2 atmosphere to remove any residual moisture inside the PEDOT:PSS bulk. Finally, an Ag front electrode of 3 μm was deposited through a shadow mask by thermal evaporation, resulting in a power loss of 4.2% due to shadowing. Processing steps are shown in Fig. 1(b) .
II. EXPERIMENTAL SECTION

A. Device Fabrication
B. Device Characterization
Using the same spin coating conditions described above, different characterization techniques were used to elucidate possible differences between the PEDOT:PSS solutions under study. To investigate the surface morphology of the films, scanning electron microscope (SEM) images were recorded from top and cross-sectional views of PEDOT:PSS/c-Si (texturized) substrates (Carl Zeiss NEON40, USA). The contact angle between the PEDOT:PSS solutions and a polished silicon substrate was measured by the drop-shape method from the tangent at the PE-DOT:PSS/Si/air interface (KSV CAM 200, Finland). The surface elemental composition of the films was determined from X-ray photoelectron spectroscopy (XPS) scans (SPECS system, Phoibos 150 detector, Germany) at 3 × 10 −9 mbar from a PEDOT:PSS/c-Si (polished) substrate using a nonmonochromatic Al-Kα source (1486.6 eV). Additionally, sheet resistance and contact resistivity of the PEDOT:PSS films on glass were determined from transmission line measurements (TLM) (Keithley 2636, USA; 1 fA resolution) with thermally evaporated Ag electrodes (50 nm thickness, 1 × 0.1 cm 2 contact area). The thickness of the film was estimated at ∼70 nm as measured by stylus profilometry (Veeco Dektak 150, USA). The effective lifetime of photogenerated minority carriers was determined by the quasi-steady-state photoconductance (QSSPC) technique (Sinton WCT-120, USA) from a symmetric PEDOT/c-Si/PEDOT structure. Regarding the electrical characterization of solar cell devices, the current density-voltage response was measured by means of a dc source meter (Keithley 2601B, USA) both in the dark and under 1.5AMg standard illumination (Oriel Instruments, USA) at 25°C (cell area was delimited by an opaque mask), while the external quantum efficiency (EQE) was measured by a commercial equipment (PV Measurements QEX10, USA). The transmittance of the PEDOT:PSS films on glass and the total reflectance of the solar cells was also measured by spectrophotometry (Shimadzu 3600, Japan).
III. RESULTS AND DISCUSSION
Fig. 1(c) depicts the proposed band diagram for the PEDOT:PSS/c-Si heterojunction. Given its p-type semiconducting properties, PEDOT:PSS acts as p-type contact for the n-type c-Si absorber, forming the p-n junction required for selective charge carrier collection. With a reported work function φ PEDOT:PSS 4.8-5.0 eV for both HTL Solar and PH1000 [19] , the PEDOT:PSS layer induces a band bending in c-Si (φ n−Si 4.2 eV) during Fermi level alignment [20] . Such bending favors the collection of photogenerated carriers into the electron selective n + region and the hole selective p region. Furthermore, the high conductivity and high transparency of PEDOT:PSS allows its operation as a hole collector and window layer, avoiding the need of a transparent conductive material such as Indium-Tin oxide (ITO), the industry standard for photovoltaic applications.
The efficiency of PEDOT:PSS as a hole selective material is determined by its physical properties, many of which are affected by the spin coating conditions and the wettability of the hydrophobic c-Si surface. Preliminary coating tests over polished c-Si at different angular velocities and surfactant concentrations yielded a highly uniform layer (as observed by optical microscopy) at a spinning rate of 1000 r/min during 60 s with 0.1% Capstone surfactant. Layer uniformity was also maintained for the randomly texturized samples, as shown in the SEM surface and cross-sectional images of the two PEDOT:PSS samples under study (see Fig. 2 ). Surface topography of the HTL Solar [see Fig. 2(a) ] and PH1000 [see Fig. 2(c) ] coatings show that both PEDOT:PSS films are continuous and homogeneously distributed all over the silicon surface, as reported in [21] . From the cross-sectional view shown in Fig. 2(b) , it is observed that the PEDOT:PSS film is uniformly covering the whole area of the pyramids, although thickness is not constant and varies from 20 nm at the tip of the pyramid to 70 nm at the base [see Fig. 2 
(d) and (e)].
To quantify the wettability of the PEDOT:PSS solutions upon hydrophobic c-Si surfaces, contact angle measurements were performed with the untreated solution and with the addition of surfactant (Capstone FS-31). The measured contact angles (θ) without surfactant were 37.4°for HTL Solar and 42.2°for PH1000, although they were unstable due to the high hydrophobicity of the c-Si surface. Following the addition of the surfactant solution (0.1% v / v concentration), the θ values decreased to 26.3°(HTL Solar) and 33.5°(PH1000), as shown in Fig. 3 . Such improvement in wettability allows for more uniform layers with less surface defects such as microholes and pinholes, which tend to form during the spin coating process [12] . Consequently, the contact quality between HTL Solar and c-Si is higher than that of PH1000, producing a higher quality p-n junction.
Variations in the functionality of both PEDOT:PSS solutions under study could also be attributed to differences in their elemental composition, as determined from the XPS analyses. Fig. 4 shows the deconvolution of the S2p core level spectra by Gaussian-Lorentzian fittings, after Shirley background subtraction and using the C1s signal as internal reference. Two doublet peaks are distinguishable, centered at 164.2 ± 0.1 and 168.5 ± 0.1 eV, each with a spin-orbit splitting of 1.2 eV and a peak area ratio (2p 3/2 /2p 1/2 ) of 2:1. These binding energies closely match those referenced in the literature, with the low energy peak belonging to the PEDOT component and the high energy peak to PSS [22] , [23] . From the integrated peak areas of each component, the calculated PSS/PEDOT ratios were 2.4 for HTL Solar and 1.9 for PH1000. Since an excess of PSS leads to phase segregation within the polymer bulk and to lower conductivities [24] , it is expected that HTL Solar will be less conductive (more resistive) than PH1000.
To verify this, the sheet resistance and contact resistivity were determined by the transmission line methodology, which measures the resistance of the sample R sample between several adjacent electrodes located at incremental distance intervals. TLM measurements are very useful as they allow the separation of the sheet resistance of the PEDOT:PSS film R sh from the contact resistance R C between PEDOT:PSS and a particular metallic electrode. The total resistance R T between two parallel electrodes is defined in [25] 
where R m is the resistance of silver electrodes (negligible). Assuming the current flow is in one dimension and is confined to the channel between the electrodes, the above equation is 
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From an average film thickness t ∼70 nm, the conductivity (σ ) of the PEDOT:PSS films can be determined as σ = 1/(tR s h ). simplified to
where l is the distance between electrodes and W (1 cm) is the width of the electrode. Since R T is linearly dependent on the distance intervals, R sh and R C can be extracted from the slope and ordinate of a linear fit. The current-voltage (I-V) characteristics at different electrode spacings are shown in Fig. 5 insets for the HTL Solar and PH1000 films, exhibiting a marked ohmic response with a characteristic total resistance. By plotting R T for each distance interval l, the expected linear behavior is observed on both the PEDOT:PSS solutions. A summary of the TLM results is shown in Table I . HTL Solar has a higher sheet resistance (190 Ω/sq) than PH1000 (120 Ω/sq), as expected from their respective PSS/PEDOT ratios calculated from XPS spectra. Nevertheless, both PEDOT:PSS films are comparable with ITO in terms of sheet resistance (80-130 Ω/sq), suggesting that they could be used as alternative transparent conductive electrodes. By extrapolating the linear fit into the x-axis, the socalled transfer length L T can be determined, which represents the effective electrode length across which most of the current is transferred. Then, the specific contact resistivity ρ C between PEDOT:PSS and Ag is calculated as ρ C = R C L T W , yielding 0.028 and 0.79 Ω·cm 2 for HTL Solar and PH1000, respectively. These ρ C values are significantly higher than those reported for metallic electrodes on ITO (ρ C < 10
, a factor that will be discussed later in relation to the series resistance of complete solar cells.
In addition to adequate electrical properties, the PEDOT:PSS films must also passivate the silicon surface and minimize the interface recombination of photogenerated carriers. By measuring the photoconductance of a symmetric PEDOT:PSS/cSi/PEDOT:PSS structure under quasi-steady-state illumination, the effective lifetime of minority charge carriers can be estimated before the fabrication of the solar cell. This method allows us to determine the excess minority carrier concentration (in this case, holes) photogenerated and their effective lifetime τ eff within the n-Si wafer. Such τ eff reflects the recombination processes occurring both in the c-Si bulk (τ B ) and at the surfaces, as given by:
where W is the wafer thickness, and S front and S back are the surface recombination velocities at the front and back surfaces, respectively. To calculate τ eff from the QSSPC measurements, two simplifying assumptions were taken: 1) The bulk recombination of a high quality monocrystalline wafer is negligible (its bulk carrier lifetime is very long), and 2) the surface recombination velocity is equivalent on both sides of the symmetric sample with a value S eff = S front = S back . It then follows that the effective lifetime is determined by the degree of surface passivation [27] : Also shown are the dark diode characteristics (series resistance R S , parallel resistance R P , ideality factor n, and saturation current J 0 ).
yielding a minority carrier lifetime of 205 μs for HTL Solar and 80 μs for PH1000 at 1 sun illumination. In terms of solar cell operation, the effective carrier lifetime is an indirect measure of the implicit open-circuit voltage (i − V OC ) achievable by the PEDOT:PSS/n-Si heterojunction, i.e., its maximum quasi-Fermi levels separation. This i − V OC is defined as [27] 
where q is the electron charge, kT = 25.6 mV at room temperature, n i is the intrinsic carrier concentration, N D is the donor concentration, and Δp is the excess minority carrier density. The measured i − V OC values are shown in Fig. 6 as a function of illumination intensity, where HTL Solar reaches 644 mV and PH1000 a lower value of 612 mV (at 1 sun). These implicit voltages are significantly high considering the absence of a passivating interlayer (such as intrinsic a-Si:H) between c-Si and the polymer, and are equivalent to saturation current densities J 0. P E D O T of 255 and 630 fA/cm 2 , respectively. In this sense, the improved surface passivation by HTL Solar could be attributed to a more intimate contact with c-Si to saturate dangling bonds, which partially depends on the deposition quality during spin coating and the better wettability (lower contact angle) of HTL Solar.
Finally, the performance of both the PEDOT:PSS solutions as hole selective contacts in n-Si heterojunctions was measured in finished solar cells. The current density-voltage (J-V) characteristics of the hybrid solar cells are shown in Fig. 7 under AM1.5g standard illumination (100 mW/cm 2 ), achieving PCE of 11.6% for HTL Solar and 8.5% for PH1000 for an active cell area of 100 mm 2 . As expected from the QSSPC measurements, the HTL Solar device performed better with an open-circuit voltage (V OC ) of 569 mV, while PH1000 reached a lower value of 545 mV (see Table II ). A considerable difference of ∼70 mV exists between the V OC of the device and the i − V OC of the symmetric PEDOT:PSS structure, which could be attributed to strong recombination along the cell perimeter (after cutting the wafer for delimitation of the active area). In any case, some degradation of the PEDOT:PSS film during electrode deposition could also be present. The better performance of HTL Solar is also evident from the smaller saturation current density J 0 and the diode ideality factor closer to 1 (n = 1.15) of this device, as extracted from fitting of the dark J-V response to the Schottky diode model (see the inset of Fig. 7) . A higher deviation from ideality in PH1000 (n = 1.3) indicates a stronger interface recombination owing to more interface defects, in accordance with its higher contact angle. A fill factor (FF) of 61.0% was mea- sured for the HTL Solar device, while PH1000 had a considerably lower value of 49.6%, explained by a lower series resistance R S of 3.4 Ω·cm 2 in comparison with 6.8 Ω·cm 2 , respectively. Such differences in R S (and FF) values can be mainly attributed to the different contact resistivity of the PEDOT:PSS films with the front silver electrode (see Table I ). In fact, by considering the particular grid design of the silver electrode and the sheet resistance of the PEDOT:PSS films, the contribution of the front electrode to the series resistance could be estimated in less than 0.6 Ω·cm 2 [28] . On the rear side, the optimized point contact structure reduces the series resistance of the back contact to only 0.2 Ω·cm 2 [18] , [29] . Therefore, over an 80% of the measured R S should be attributed to the relatively high contact resistivity of PEDOT:PSS with silver. Since the fraction of contacted area must be kept rather low to minimize shadowing losses (<5%), one way to reduce the series resistance would be the evaluation of alternative metallic electrodes with lower contact resistivity with PEDOT:PSS. As for photocurrent collection, HTL Solar achieved a short-circuit current density J SC of 33.5 mA/cm 2 , while PH1000 yielded 31.5 mA/cm 2 . The reflectance spectra of both the PEDOT:PSS films were measured on c-Si, as well as the transmittance spectra on glass substrates. Although slight differences could be resolved, they do not explain the 2 mA/cm 2 gain in J SC for the HTL Solar device. The reason for this increment is explained by analyzing the EQE response of the fabricated solar cells, where the HTL Solar curve is similar to that of PH1000 except for an upward shift in intensity (see Fig. 8 ). A similar behavior is observed in simulations performed on PC1D solar cell modeling software [30] when the surface recombination velocity at the PEDOT:PSS/n-Si surface S front is increased by a factor of ∼3, attributed to the superior surface passivation by HTL Solar.
IV. CONCLUSION
In summary, hybrid solar cells were fabricated on an n-type textured c-Si with p-type polymer PEDOT:PSS as hole selective contact. Two different PEDOT:PSS solutions, HTL Solar and PH1000, were applied by spin coating and compared in terms of their surface morphology, wetting capability, chemical composition, and electric properties (sheet and contact resistance). In general, HTL Solar performed better than PH1000, achieving a notable implicit open-circuit voltage of 644 mV equivalent to a saturation current density of 255 fA/cm 2 . These results are attributed to proper wetting of the silicon surface (with 0.1% surfactant concentration) and the subsequent passivation of dangling bonds. Furthermore, given a similar sheet resistance value than ITO, PEDOT:PSS could be used as an alternative transparent conductive layer. The obtained solar cell conversion efficiency for HTL Solar was 11.6% in comparison with 8.5% for PH1000. There is still significant room for improvement in some aspects of the device structure, as the contact resistance between PEDOT:PSS and the front metallic electrode. In any case, these results demonstrate that organicinorganic hybrid solar cells offer an alternative processing route at low temperature that could lead to cost reductions in c-Si photovoltaics.
